Although dopamine (DA) effects in the prefrontal cortex (PFC) have been studied extensively, the function of steady-state ambient levels of DA in the regulation of afferent excitatory transmission in PFC pyramidal neurons remains relatively unexplored. Using intracellular sharp-electrode and whole-cell recordings combined with intracellular labeling in brain slices, we found that D1/D5 receptor blockade did not alter synaptic responses in the PFC, but D1/D5 receptor activation consistently enhanced recurrent synaptic excitation in the majority of pyramidal neurons tested. In contrast, D4 receptor blockade resulted in an evoked complex multiple spike discharge pattern that contained both early and late (presumably multisynaptic) components of the evoked response that is contingent upon the preservation of axon collaterals of the neuron under study. Moreover, GABAergic interneurons were found to play a role in both responses; blockade of GABA a -mediated inhibition caused bath application of DA to convert monosynaptic excitatory postsynaptic potentials (EPSPs) to complex spike bursts riding on the late component of the EPSP. On the other hand, during the blockade of GABA amediated conductances, administration of a D4 receptor antagonist failed to facilitate evoked multiple spike discharge. Morphological analysis of axon collaterals of labeled neurons revealed that neurons in which the D4 receptor blockade induced the putative polysynaptic response had axon collaterals that were largely preserved. These data suggest that DA exerts a bidirectional modulation of PFC pyramidal neurons in brain slices provided that local network connections with interneurons are preserved, with D4 receptors under tonic stimulation by ambient low levels of DA, whereas D1/D5 receptors activated upon phasic DA input.
INTRODUCTION
The major afferents to the prefrontal cortex (PFC) are glutamatergic, and dopamine (DA) receptors are known to play a major role in the control of glutamate tone in the PFC (Sesack et al, 2003; Seamans and Yang, 2004) . Functional studies have revealed that the D1 receptor family is involved in working memory and other cognitive tasks (Williams and Goldman-Rakic, 1995; Goldman-Rakic and Selemon, 1997) . However, physiological studies of the D2 receptor family have been hampered by the lack of a ligand selective for the various receptor subtypes, in particular the D4 receptor subtype, one of the proposed target sites of antipsychotic drugs (Arvanov and Wang, 1997; Chen and Yang, 2001 ).
The pharmacological roles of D4 receptors have begun to be elucidated, including a role in the performance of cognitive functions involving the prefrontostriatal system in rats (Jentsch et al, 1999; Zhang et al, 2004) and monkeys (Arnsten et al, 2000) , and D4 receptors may be overexpressed in schizophrenia subjects (Seeman et al, 1993; Sumiyoshi et al, 1995;  but also see Lahti et al, 1996; Reynolds and Mason, 1995) , in which a primary DA dysfunction is implicated (Grace, 2000; Lewis, 2000; Goldman-Rakic et al, 2004) . The recent demonstration of a preferential localization of D4 receptors on parvalbumin (PV)-containing GABAergic interneurons in the PFC (Mrzljak et al, 1996; Wedzony et al, 2000) suggests a potential involvement of D4 receptors in the regulation of activity of intrinsic GABAergic neurons that may exert a powerful feedforward inhibitory influence on pyramidal neurons. Although much is known about the effects of exogenously applied DA on PFC neuron excitability (see below), the function of tonic activation of DA receptors by steady-state ambient levels of DA remains relatively unexplored in the PFC. Of particular interest in this regard are the DA D4 receptors that are closely tied to DA dysfunction in the PFC as stated above.
Most in vitro studies have consistently demonstrated a facilitatory action of D1 receptor activation on membrane excitability (Penit-Soria et al, 1987; Yang and Seamans, 1996; Shi et al, 1997; Henze et al, 2000; Wang and O'Donnell, 2001 ). Whole-cell recording studies have further revealed that DA activates D1 receptors to enhance NMDAmediated responses in both PFC and striatum (Cepeda et al, 1993; Cepeda and Levine, 1998; Zheng et al, 1999; Seamans et al, 2001a; Chen et al, 2003; Tseng and O'Donnell, 2004) . On the other hand, the observed inhibitory action of DA (Gulledge and Jaffe, 1998) has been attributed to activation of GABA interneurons via D1 (Gorelova et al, 2002) or D2 receptor activation (Retaux et al, 1991; Grobin and Deutch, 1998) . Evidence for an inhibitory action of D2-D4 receptors in the frontal cortex is derived from studies in which D4-deficient mice exhibit spontaneous hyperexcitability in PFC pyramidal neurons (Rubinstein et al, 2001) ; however, this could be due to enhanced expression of NMDA and D1 receptors in D4 knockout mice (Gan et al, 2004) . In contrast, a D2 subtype (D4)-mediated DA facilitatory action on membrane excitability in PFC pyramidal neurons was also reported (Ceci et al, 1999) , and D4 receptor activation decreases GABA A receptor-mediated synaptic currents in dissociated prefrontal pyramidal neurons (Wang et al, 2002) . Thus, there is no consensus as to which DA receptor subtype is involved in the inhibitory action of DA on PFC neuron excitability. As to the DA regulation of synaptically evoked responses in brain slices, most in vitro studies have used intracortical fiber stimulation within 100-300 mm of the soma recorded and reported different DA actions via D1 receptors in the regulation of intracortically evoked synaptic responses (Law-Tho et al, 1994; Urban et al, 2002; Seamans et al, 2001a; Gonzalez-Islas and Hablitz, 2003) . Thus, a DA D1-mediated depression on both AMPA and NMDA components of excitatory postsynaptic potentials (EPSPs) (evoked by layer I or layer VI intracortical stimulation) was reported in rat prefrontal pyramidal neurons using high doses of DA (50-100 mM plus DA uptake blocker; Law-Tho et al, 1994) . In contrast, whole-cell recording studies have shown that both low (0.5-7.5 mM) and high (10-50 mM) doses of D1 agonist, while slightly suppressing the AMPA component, enhance the NMDA component of intracortically evoked EPSCs in layer V pyramidal neurons (Seamans et al, 2001a) or the nonisolated EPSCs in layer II/III pyramidal neurons of the rat PFC (Gonzalez-Islas and Hablitz, 2003) . It is unclear why the reported DA actions via D1 receptors in the PFC may differ in their effect on synaptic regulation.
In this study, conventional sharp-electrode intracellular and whole-cell current-clamp recordings coupled with intracellular labeling techniques were performed in frontal cortical brain slices to examine the effects of DA on excitatory synaptic responses, in particular, to determine whether the steady-state ambient DA levels might tonically activate the two DA receptor subtypes in the regulation of afferent-evoked synaptic responses. The synaptic responses were evoked by stimulating PFC afferent fibers in the corpus callosum to avoid potential artefacts due to current spread from local (intracortical) stimulation sites as used in previous studies. Low doses of DA (5-10 mM) were primarily employed in the present study to preferentially activate presynaptic receptors and high-density postsynaptic receptors, such as those located on GABAergic interneurons (Le Moine and Gaspar, 1998; Mrzljak et al, 1996) . High concentrations of DA or its agonists (20-30 mM; Seamans et al, 2001a; Zheng et al, 1999) were also tested to verify that any observed lack of effect on membrane excitability or synaptic responses was not due to inadequate receptor activation by the lower (ie 10 mM) doses. These afferent-evoked excitatory synaptic responses and their modulation by DA were analyzed in terms of their mono-vs polysynaptic components (Berry and Pentreath, 1976; Chen and Yang, 2001 ) as well as their axonal morphology in 350 mm thick brain slices. The specific DA receptor subtype involved in the responses was examined by use of selective DA agonists and antagonists, that is, D1/D5 receptor agonists (SKF 38393 and SKF 81297) , D2/D4 receptor agonists (quinpirole) or D4 receptor selective agonist (PD168077; Glase et al, 1997) and D4 receptor antagonists (PD101387 and U101958; Merchant et al, 1996, and L745870; Patel et al, 1997) . Portions of this work were presented previously in abstract form (Onn and Grace, 1999) .
MATERIALS AND METHODS

In Vitro Brain Slice Preparation
Six-to 8-week old developmentally mature (Zhu, 2000) male Sprague-Dawley rats (175-250 g) were used for both sharp-electrode (n ¼ 68) and whole-cell recordings (n ¼ 77). Rats were deeply anesthetized with 8% chloral hydrate (400 mg/kg, i.p.) before they were perfused transcardially with physiological saline in which sucrose (252 mM) was substituted for NaCl (252 mM sucrose, 5 mM KCl, 1.2 mM KH 2 PO 4 , 2.4 mM CaCl 2 , 1.3 mM MgSO 4 , 26 mM NaHCO 3 , 10 mM glucose, and saturated with 95% : 5% O 2 : CO 2 , pH ¼ 7.23; Aghajanian and Rasmussen, 1989) . Following decapitation, the brain was rapidly removed, blocked, and attached onto the chamber of a DSK vibratome (Ted Pella, USA) that was filled with ice-cold physiological saline saturated with 95% : 5% O 2 : CO 2 . Tissue slices (350 mm in thickness) containing PFC (including anterior cingulate Cg 3 area and/or prelimbic cortices) were cut in a coronal (A-P coordinate: À2.7 to À3.7 mm anterior from bregma), sagittal (M-L: 0.4-1.2 mm lateral from midline), or horizontal plane (D-V: À3.1 to À4.1 ventral from bregma) to verify that any observed effect was not due to the plane of section of the brain slices. Tissue slices were immediately placed into incubation vials containing the oxygenated physiological saline solution at 341C for at least 1 h before being transferred to a submersion-type chamber for recording using sharp or whole-cell electrodes (Onn et al, 2003) . All rats used in this study were handled in strict accordance with the USPHS publication Guide for the Care and Use of Laboratory Animals and the specific experimental protocols were approved by the Institutional Animal Care and Use Committee of Drexel University College of Medicine and of the University of Pittsburgh.
In Vitro Intracellular Recording and Labeling Using Sharp Electrodes
Recording electrodes were constructed from 1 mm o.d. Omegadot (WPI, Sarasota, Fl) borosilicate glass tubing using a Flaming-Brown p-80/PC horizontal puller and filled with 1 M KAc containing 2% biocytin (with average electrode impedance of 75-150 MO as measured in situ). Intracellular recordings were performed using a NeuroData 383 Intracellular Amplifier, with current injected across a bridge circuit integral to the preamplifier. Biocytin-filled intracellular electrodes were used to obtain current-clamp recordings from PFC neurons in 350 mm thick brain slices in a submersion-type chamber maintained at 31-321C. The electrodes were lowered into the PFC by referring to anatomical landmarks, including the anterior commissure, septum, and cortical white matter according to a rat brain stereotaxic atlas. After impalement of a cell, 0.2-0.5 nA constant hyperpolarizing current was applied to achieve a stable impalement; baseline physiological data were then collected at resting membrane potential. Only one cell per slice was recorded and injected in order to correlate cell morphology and location with the pharmacological responses.
The input resistance was calculated by measuring the membrane voltage deflections produced in response to 150 ms duration constant hyperpolarizing current pulses (0.2-1.0 nA) delivered across a bridge circuit integral to the preamplifier. Rheobase current, defined as the amplitude of current required to generate the first spike discharge, was used to assess the postsynaptic membrane excitability (Onn et al, 2003) , in conjunction with the assessment of spike threshold. Action potential amplitude was measured as the difference between the spike threshold and peak of the spikes evoked by depolarizing current pulses (150 ms duration). Spike threshold was defined as the onset of the fast rising depolarizing phase of the action potentials. After obtaining drug-induced pharmacological responses, cells were injected with biocytin using 0.5-1 nA depolarizing current pulses delivered at 2-3 Hz (Onn et al, 1993 (Onn et al, , 2003 Onn and Grace, 2000) . The slices with biocytin-injected cells were postfixed with 4% paraformaldehyde in 0.1 M phosphate buffer and cryoprotected in 20% sucrose solution before subjecting to histochemical staining for biocytin using avidin-biotinylate complex (Vector, CA) (Onn et al, 1993 (Onn et al, , 2003 . In brief, brain slices were subjected to a freezethaw procedure (Onn et al, 1993) to facilitate the penetration of the ABC reagent used for staining for biocytin, followed by a 24-h incubation with avidin-biotinylated complex in 0.1 M phosphate buffer containing 0.5% Triton X-100, and a 30 min reaction with 3,3 0 -diaminobenzidine (DAB) (Vector Laboratories), with buffer rinsing between all steps. The slices were then cleared with 100% dimethysulfoxide (DMSO) for 20 min (Grace and Llinas, 1985) and mounted in DMSO or mounted on gelatinized slides, air-dried, dehydrated, cleared, and coverslipped with Pro-Texx (Lerner Laboratories, Pittsburgh, PA) for microscope examination using a Zeiss photomicroscope. Some brain slices were cut into 100 mm thick sections before subjected to staining for biocytin, and subsequent microscopic examination showed similar morphological details with respect to the morphology of axon collaterals as described in the results. Anatomical images were processed using Adobe Photoshop and physiological traces were plotted with Adobe Illustrator or Origin Software.
In Vitro Whole-Cell Recordings
Whole-cell patch electrodes (5-7 MO) were pulled from 1.5 mm glass pipettes (WPI) using a Brown and Flaming horizontal puller (model P-97; Sutter Instruments). The pipette was filled with a solution containing (in mM): 115 Kgluconate, 10 HEPES, 2 MgCl 2 , 20 KCl, 2 Mg-ATP, 2 Na 2 -ATP, 0.3 GTP, and 0.5% biocytin (pH 7.3; 295 mOsm). Whole-cell recordings were performed in a submersiontype chamber maintained at 31-321C and the slices were superfused with oxygenated ACSF at a flow rate of B1 ml/ min under the control of a peristaltic pump. The ACSF solutions contained (in mM): 128 NaCl, 3 KCl, 2 CaCl 2 , 2 MgSO 4 , 24 NaHCO 3 , 1.25 NaH 2 PO 4 , and 10 D-glucose. Cells were visualized using an Olympus BX50WI (40 Â infrared lens) with infrared differential interference contrast microscopy (IR/DIC). Recordings of visualized cortical neurons were made in current-clamp (bridge) mode with an Axoclamp-2B (Axon Instruments). The output signal was low-pass-filtered at 10 KHz, amplified and digitized at 15 KHz, and acquired using pClamp/Digidata 1322A (Axon Instruments). Cells with evoked firing that showed signs of a washout effect (often their evoked firing was reduced significantly within 5 min after the initial gigaohm seal was broken) were discarded. Excluded also were cells with unstable membrane potentials or input resistances (410% changes) before drug application.
The steady-state membrane voltage deflection in response to a 100-300 pA hyperpolarizing pulse was used to monitor the resting input resistance of a cell. Membrane excitability was measured by counting the number of action potentials evoked by depolarizing current pulses (1 s duration) over a range of currents (50-600 pA). The number of spikes (with five repetitions) was compared before and after drug application. Intracellular labeling with biocytin was carried out by allowing biocytin to diffuse from the electrode into the cell during recording. At the end of recordings, slices were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer overnight at 41C, and transferred to 20% sucrose solution before subjecting to histochemical staining for biocytin using avidin-biotinylate complex as described above (see the section for intracellular recording and labeling). The figures were plotted with Origin software.
Afferent Fiber Stimulation and Drug Application
Afferent fibers were stimulated using a bipolar twisted-pair stimulating electrode placed in the corpus callosum (ie white matter) to evoke EPSPs and spike discharge in the recorded PFC pyramidal neurons. The distance between stimulation electrodes to the recording site in layer V/VI neurons was between 500 and 1000 mm, which is substantially greater than that commonly used for intracortical local stimulation sites (ie 70-200 mm; see Introduction). The stimulation parameters were 0.2 ms pulses of 0.01-0.5 mA, except in a few cases (using 41 mA) in neurons with apparent high spike threshold (ie no spike discharge despite evoking a full amplitude EPSP). When studying orthodromic responses, stimulation intensity was adjusted to elicit spike discharge in approximately 30-50% of the trials to minimize saturation effects. The antidromic threshold was higher than the orthdromic threshold for intracortically evoked responses in deep layer pyramidal neurons, consistent with a previous study on thalamocortical slices involving the auditory cortex (Rose and Metherate, 2001 ). Thus at low-stimulus intensities, intracallosal fiber stimulation reliably evoked orthodromic afferent-evoked responses in deep layer pyramidal neurons with limited antidromic activation of these output neurons.
These synaptic parameters were examined before and after bath application of DA (5-30 mM), D1 receptor agonists (SKF 38393 and SKF 81297; 10 mM, except in a few cases in which high doses of SKF 38393 (20-30 mM) were used). D2/D4 receptor agonist (quinpirole; 10 or 20 mM), D4 receptor agonist (PD 168077; 20 mM; Tocris), and D4 receptor antagonist (PD-101387 or U-101958 and L-745870; 20-50 mM; RBI) were tested at low and high doses. D1/D5 receptor antagonist (R( þ ) SCH-23390 HCl, 10 mM) and GABA a receptor antagonist (bicuculline, 10 mM) or picrotoxin (25 mM) were present continuously to test the DA action in the blockade of the D1 and GABA a receptor function. D(À)-2-amino-5-phosphonopentanoic acid (D-APV: 20-50 mM, Tocris) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX: 10 mM, RBI) were used to identify the AMPA-vs NMDA-mediated components of EPSPs. All drugs were purchased from Sigma, unless indicated otherwise. All drugs were first dissolved in distilled water or DMSO at high concentrations to produce stock solutions, which were stored at À201C. Drug-containing solutions were prepared by diluting them in the oxygenated ACSF-containing reservoir bottle to achieve the working concentration; this concentration of drug required approximately 1 min to reach the chamber and 30 s to completely replace the solution in the chamber. To minimize oxidization of DA or D1/D5 receptor agonist, ascorbic acid (10 mM in final concentration) was added to the superfusate; thus, both control and drugcontaining ACSF contained the antioxidant which in previous studies was found not to affect neuronal properties (Onn et al, 2003) . The onset of the drug effects described in the results was calculated from the time that the perfusion lines were switched. Drug effects were first measured at 5 min of drug application (unless indicated otherwise) by evaluating the mean peak values of EPSPs from predrug baseline (of five repetitions) and from the drug washout at 10-20 min.
Statistical Analysis
Data were calculated as means7standard error of the mean (SEM). Paired Student's t-test was used for within-subject comparisons (ie comparing before and after drug application to a cell under study) and unpaired Student's t-test used for between-subject comparisons (ie between the means obtained from different neurons). A nonparametric w 2 test was used to compare the probability of spike discharge before and after drug application. Statistical significance was set at po0.05 for all experiments.
RESULTS
Intracellular sharp electrodes and whole-cell recording electrodes, both filled with biocytin, were used in this study. A total of 177 neurons recorded in 177 brain slices (85 coronal, 52 horizontal, and 40 sagittal slices; one neuron per slice) were identified electrophysiologically as pyramidal neurons (Yang and Seamans, 1996; Onn and Grace, 2000) , with 107 cells morphologically verified to be located in layer III/V border (n ¼ 44) or in layer V/VI (n ¼ 63) of the medial PFC (including the anterior cingulate cortex, Cg 3 area, and prelimbic cortex). No significant differences were noted in the observed effect of DA between neurons recorded in layer III/V border (Figure 2a3 ; Figure 5b ) vs in layer V/VI border (Figure 2b and c; Figure 5c ), and since both layers II/III and layers V/VI in the rat PFC receive DA inputs (Berger et al, 1991) , the results were pooled for analysis. In 79 cells recorded with sharp electrodes and 98 cells with whole-cell electrodes, we examined the effects of DA, D1/D5 receptor agonists, and D2/D4 receptor antagonists on membrane excitability and afferent-evoked EPSPs/spike discharge. In this way, we could examine the response while controlling for washout (with sharp electrodes) and with gigaohm seal (whole-cell recordings). In no case could differences in the response be attributed to the recording methodology, except (as noted below) the tendency to record from more superficial neurons with truncated axonal processes in the visualized whole-cell recordings. The basic membrane properties of neurons recorded with whole-cell and sharp electrodes are summarized in Table 1 .
None of the cortical neurons recorded in these slices were spontaneously active, and only fired spikes in response to membrane depolarization or afferent fiber stimulation. Both membrane excitability and afferent-evoked EPSPs/spike discharge were examined before and after bath application of DA (5-10 mM, low dose; 30 mM, high dose), D1/D5 receptor partial or full agonists (SKF 38393 or SKF 81297: 10 mM or 20-30 mM, high dose), and D4 receptor antagonists (PD-101387; U-101958; L-745870: 20 mM, low dose, 40-50 mM, high dose). In addition, a D2/D3/D4 receptor agonist Values were expressed as mean7SEM. None of comparisons using a betweensubject design reached statistical significance. n indicates the number of neurons (or slices) examined.
(quinpirole; 10 or 20 mM) or a D4 receptor selective agonist (PD168077; 20 mM) was applied to confirm the involvement of the D4 receptor subtype in the DA-mediated response. D2 or D4 receptor agonists administered at the 10 mM dose had no effect on membrane excitability or synaptic responses in the pilot study, thus 20 mM was used to confirm that the lack of response (see Figure 10 ) was not dose-related, that is, due to insufficient receptor activation. Both high/low dose ranges used in the present study were all within the range commonly used by others, for example, D1 receptor full agonist SKF 81297 (0.5-50 mM; Seamans et al, 2001a) , D1 receptor partial agonist SKF 38393 (10-100 mM; Gonzalez-Islas and Hablitz, 2003), D2/D3/D4 receptor agonist, quinpirole, or D4 receptor selective agonist PD 168077 (10-20 mM; Price and Pittman, 2001; Wang et al, 2002; Gonzalez-Islas and Hablitz, 2003) , or D4 receptor antagonists (40-50 mM; Price and Pittman, 2001) . Lastly, the pharmacological role of the D1/ D5 and D2/D4 receptors in influencing PFC pyramidal neuron activity via modulation of GABAergic feedforward local circuits was examined in slices superfused with bicuculline (10 mM)-or picrotoxin (25-50 mM)-containing buffer.
Monosynaptic vs Polysynaptic Responses
Two types of response patterns could be observed upon stimulation of the corpus callosum. The regularspiking PFC output neurons mostly responded to afferent fiber stimulation with monosynaptic unitary EPSPs (avg. 13.174.5 mV, range from 5 to 22 mV; mean7SEM), which were blocked by the AMPA receptor antagonist CNQX (at 10 mM, not shown; Kawaguchi, 1992) . Furthermore, stimulation of the corpus callosum with increasing stimulus current strength resulted in a current-dependent increase in a short-latency EPSP and spike discharge, at an average latency of 3.470.1 and 6.170.2 ms, respectively ( Figure 2a ). Since this component increased monotonically with increasing stimulus strength, exhibited constant latency, and could follow high-frequency (eg 20 Hz) stimulation (Figure 2a2 ), this was presumed to be a monosynaptically evoked potential (Berry and Pentreath, 1976; Chen and Yang, 2001 ), which we defined as a Type I neuron response. In contrast, a subset of neurons recorded with both techniques that were identified as layer V projection neurons ( Figure 1c1 ; Figure 2c2 ) had axons that emitted extensive collaterals that ramified across all laminae, for example, ascending to superficial layers ( Figure  1c1 ). These neurons responded to stimulation of the corpus callosum with complex evoked spikes, consisting of both early and late components that gave rise to spike discharge at an average latency of 7.670.2 and 28.470.5 ms, respectively. Since the late components did not follow high-frequency stimulation (see Figure 7a2 ) and did not show a smooth increase in amplitude with increasing stimulation current ( Figure 2c1 ) and gave rise to spike discharge at variable onset latencies, these were presumed to be a combination of monosynaptic/multisynaptic origin (Berry and Pentreath, 1976; Chen and Yang, 2001 ). This type of neuron was classified as a Type II response pattern.
Type I Response Neurons: D1/D5 Receptor Activation Enhanced Putative Monosynaptic Excitatory Synaptic Responses
The effects of DA acting via D1/D5 receptor stimulation were examined in a total of 93 neurons: 54 neurons were recorded with sharp electrodes (34 tested for DA and 20 for SKF compounds; with 10 cells tested for DA and five for SKF 38393 in the presence of SCH 23390) and 39 neurons were recorded using whole-cell techniques (33 tested for SKF 81297, six for DA) for confirmation of the results.
Bicuculline-free ASCF. In sharp-electrode recordings, the Type I pyramidal neurons in PFC (n ¼ 54) were characterized by the presence of a regular spike firing pattern: in response to membrane depolarization, the initial spikes were either single or doublets and were followed by an afterdepolarization (Figure 3a ). In the absence of bicuculline, low doses of DA (10 mM) exerted little effect on membrane excitability, except for the reduction in the initial spike latency of current-evoked trains as reported by others (Yang and Seamans, 1996) . Thus, administration of DA (10 mM) to Type I regular-spiking pyramidal neurons (n ¼ 17) did not significantly alter membrane potential (71-2 mV), spike threshold voltage (71-2 mV; Figure 3a ), or rheobase current (1.370.3 vs 1.170.3 nA; p40.7, n ¼ 17; Table 2 , Figure 3a and e), when the number of spikes discharge during a 150 ms depolarizing pulse was evaluated over a range of currents. However, higher doses of DA (30 mM; Figure 3e ) caused a significant decrease in the rheobase current (by 41710%; 1.270.3 vs 0.770.2 nA; n ¼ 7; *po0.05), accompanied by a depolarization of the membrane potential (avg. 3.671.7 mV; 1-6 mV, n ¼ 7). This DA-induced small enhancement of membrane excitability was mimicked by application of the D1 receptor agonist: low concentrations of SKF 38393 (10-15 mM; n ¼ 10; Figure 3e ) did not alter membrane excitability (1.170.2 vs 0.970.3 nA; p40.7; NS), whereas higher doses (20-30 mM) significantly reduced rheobase currents by 34.2711.8% (0.970.3 vs 0.670.4 nA; *po0.05; n ¼ 10). Furthermore, in the majority of neurons recorded with monosynaptic unitary EPSPs (ie Type I response pattern), DA (10-15 mM) applied in the absence of bicuculline ( Figure 3b ) was found to decrease stimulation current intensities required to evoke a spike without affecting the evoked EPSP amplitude (EPSP amplitude after DA: 102.274.1% of predrug values; p40.7; NS); this response was mimicked by SKF 38393 (ie 98.473.7% of predrug values; p40.6; NS).
Similar DA (n ¼ 6)-or D1 (n ¼ 22)-mediated effects on the membrane excitability and afferent-evoked glutamatergic events (EPSPs and spikes) were also confirmed using whole-cell recordings from the Type I pyramidal neurons. The D1 receptor full agonist, SKF 81297 (15 mM), administered in the absence of bicuculline, did not significantly alter membrane excitability (with the rheobase current: 167720 vs 175721 pA; n ¼ 22; p40.5; Figure 3c1 and c2; Table 2 ). Owing to the gigaohm seal in whole-cell recordings, the rheobase current was approximately one order of magnitude lower than that measured with sharpelectrode recordings (1.370.3 nA; see above). However, similar to intracellular sharp-electrode recordings, in the majority of whole-cell neurons that exhibited monosynaptic and (c). The arrow in (b) points to the rhinal fissure. Although the pyramidal somatodendritic morphology is readily discernible in the DMSO-mounted thick slice preparation (b), further examination of the same cell after mounting in protex (a, c) enhanced the resolution of the spines and axon collaterals, despite the distortion of the dendritic processes caused by tissue shrinkage due to the dehydration process (Grace and Llinas, 1985) . Neurons shown in (a) and (b) exhibited a Type I response pattern (identified as described in Figure 2 ). (c1) A photomontage of a Type II response neuron showing the axon (marked by an arrow) arising from the soma that was traced into the white matter (WM). Before entering the white matter, each daughter axon (arrows) emitted numerous collaterals (open arrows) that ramified across all laminae up to layer II. Arrows mark the axon and its two daughter axons en passant to the nucleus accumbens (NAC). The apical dendrite (marked by the long curved arrow) was not immediately apparent (ie because of its terminating in the middle layer) in this subclass of deep layer pyramidal neurons as previously described in an in vivo preparation (Onn and Grace, 2000) and resembling the corticothalamic projection neurons in the somatosensory cortex (Zhang and Deschenes, 1997) . (c2) An enlarged view of the box in c1 shows ramifying axon collaterals (open arrows) that intersected with basilar dendritic processes in deep layers. Arrowhead in (c1) indicates the location of afferent stimulation in the white matter (WM), which is marked by an asterisk in (c2). Scale bars: a ¼ 50 mm; b ¼ 100 mm; c1 ¼ 50 mm; c2 ¼ 5 mm. Figure 2 Afferent stimulation of the white matter evoked mono-and polysynaptic responses in identified PFC pyramidal neurons, with corresponding axon collaterals preserved in the brain slice under study (using whole-cell recording technique). Current-clamp recordings show constant latencies for early EPSP/spike (a), a monotonic increase in evoked EPSP amplitude with increasing stimulus strength (a1), and the ability to follow 20 Hz train stimulation (a2), consistent with a monosynaptic event, that is, Type I response pattern. Each arrow indicates the stimulus onset and artefact. Neurons exhibiting the Type I response pattern typically had little (eg restricted to basilar dendrites; a3) or moderate (eg up to middle layers; b2) preservation of their intracortical axon collaterals. On the other hand, variable onset latencies for late EPSP/spike (ie the second spikes in b1 and c1), the rapid recruitment of high-amplitude events with small increases in stimulus strength (c1), and the inability to follow high-frequency trains of impulses (see Figure 7 a2 ) are consistent with a polysynaptic process, that is, Type II response pattern. Neurons displaying this Type II response pattern in whole-cell recordings also exhibited extensively ramifying axon collaterals ascending from somatodendritic field to middle layers, in contrast to the superficial layer ramification pattern that is more frequently observed in the Type II neurons recovered during sharp-electrode intracellular recordings (see Figure 1 c1 ). This may be due to the fact that visualized whole-cell recordings tend to record from neurons located closer to the surface of slices than sharp-electrode intracellular recordings. (a1, a2, a3) show the corresponding electrophysiological and morphological characteristics typical of the Type I response neurons in whole-cell recordings (ie with limited preservation of axon collaterals). (b1, b2) show the corresponding electrophysiological and morphological characteristics typical of the Type I/II borderline neurons (ie with numerous axon collaterals confined to the somatodendritic field). (c1, c2) show the corresponding electrophysiological and morphological characteristics typical of the Type II response neurons that have axon collaterals that extend beyond middle layers. Open arrows mark axon collaterals. (a1) A Type I neuron displayed a 21 mV-sized EPSP (at 1.1 mA), and a 9 ms latency spike at -46 mV spike threshold (at 1.3 mA). (b1) A mixed Type I/II neuron displayed an all-or none response, with no response at 0.1 mA, whereas spike discharge at 0.2-0.5 mA. The first spike latency was shortened from 10 to 7 ms as increasing stimulus strength from 0.2 mA to 0.3, 0.4, and 0.5 mA, without altering the spike threshold (À48 mV). The second spike of two spikes evoked at 0.4 and 0.5 mA occurred at slightly longer latency (13.1 ms) and higher threshold (À41 mV) than the first spike. (c1) A Type II neuron displayed a 4 mV IPSP (at 0.3 mA), 10 mV-EPSP (at 0.4 mA), and one spike (at 0.5 mA) or two spikes (at 0.6 mA). The second spike of the two spikes evoked at 0.6 mA occurred at significantly longer latency (42.4 ms) and higher spike threshold (À47 mV), compared to the first spike (7 ms latency; À65 mV spike threshold). (a3, c2) DMSO-mounted horizontal slices. (b2) A protex-mounted coronal slice. Scale bars: a3, b2, and c2 ¼ 40 mm.
unitary EPSPs (ie the Type I response pattern), the D1 receptor agonist SKF 81297 (15 mM) was also observed to decrease the threshold stimulation current required to evoke spike discharge (Figure 3d1 and d2) , without significantly affecting unitary EPSP amplitude (104.77 3.4% of pre-D1 agonist values; n ¼ 22; p40.6).
Bicuculline-containing ASCF. Following blockade of GA-BA a -mediated conductances by administration of bicuculline (10 mM; n ¼ 17), a more prominent DA facilitatory action was revealed; in particular, there was a significant decrease in the rheobase currents (by 35713%; from 0.970.2 to 0.6570.3 nA; *po0.05; Figure 4a3 and d) as Figure 3 Facilitatory effects of DA and D1 agonist on PFC pyramidal neurons that exhibited the Type I response pattern to intracallosal afferent stimulation. (a1, a2) Sharp-electrode recordings of current injection-evoked spikes in a layer V pyramidal neuron. DA (10 mM) did not alter the membrane potential (eg À68 mV), spike threshold voltage (eg À48 mV), or rheobase current (eg 1.3 nA; e); however, there was a reduction in the initial spike latency (eg from 60 to 35 ms; avg. 25%) during current injection-evoked spike trains as previously reported (Yang and Seamans, 1996) . (b1, b2) Sharp-electrode recordings of evoked EPSPs/spikes in a layer V pyramidal neuron during stimulation of the corpus callosum (intracallosal stimulation, marked by arrows). A facilitation by DA on afferent-evoked synaptic responses was observed as a decrease in stimulus intensity required to evoke spike discharge (eg from 0.4 to 0.1 mA) without altering the amplitude of the EPSPs (f). Top trace (b1, b2): Subthreshold voltage traces of maximal EPSP amplitude before (b1: an average of five repetitions) and after (b2: an average of five repetitions) DA application (5 min). Middle trace (b1, b2): This DA facilitatory action on spike discharge was observed by decreasing the threshold stimulus strength (eg from 0.3 mA in b1 to 0.08 mA in b2). This DA facilitatory action is mimicked by D1 agonist SKF 23390 in sharp-electrode recordings (not shown) as well as in whole-cell recordings (c, d). (c, d) SKF 81297 (15 mM) caused a nonsignificant change in membrane excitability, but consistently facilitated spike discharge at the stimulus strength in four out of five trials at 0.4 mA (d2) that before D1 agonist application only produced early EPSPs (d1: 0.1-0.4 mA). The average number of spikes evoked by depolarizing current pulses at 100 pA, before vs after SKF 81292 (c1, c2), was similar (6.970.6 vs 7.170.4 spikes out of five trials; p ¼ 0.7; Student's t-test; NS). An initial estimate of cell excitability was made by examining the rheobase current that was the same for this cell (at 50 pA for before and after SKF 81292; not shown). However, D1 agonist application increased probability of spike discharge evoked by white matter stimulation at 0.4 mA, from 0% (0/5, d1: pre-D1 agonist) to 80% (4/5, d2: post-D1 agonist; p ¼ 0.0098; w 2 test). Spikes in d2 were truncated. (e, f) Bar graphs summarizing the group data of rheobase currents (e) and normalized EPSP peak amplitude (f) altered by DA and SKF 23390 during sharp-electrode recordings. Thus, in the presence of intact GABAergic events, administration of DA and D1 agonist (unless applied at high doses; e.g., 30 mM; *po0.05) did not alter the rheobase currents or afferent-evoked EPSPs (but facilitating spike discharge by decreasing the stimulation current intensity).
well as an order of magnitude lower amplitude of stimulation current required for afferent fiber stimulation to evoke single-spike discharge (eg from 0.7 to 0.09 mA; Figure 4b1 and 2). This DA facilitatory action on fast synaptic potentials in PFC pyramidal neurons was observed as a prolongation of the time to the EPSP peak (from 12.472.5 ms to 33.273.5 ms; n ¼ 17) and an increase in its peak amplitude (by 57.1718%; 13.174.5 vs 22.274.2 mV; *po0.05; Figure 4b2 , 3, c2, 3 and d; Table 2 ). This facilitatory action by DA or D1 receptor agonist on the late EPSP component in PFC pyramidal neurons was not present when DA was applied to slices pretreated with SCH 23390 (n ¼ 7; Figure 4d and Figure 5 ) or during coperfusion of DA with the D1 receptor antagonist SCH 23390 (10 mM; n ¼ 3). Thus, in the presence of SCH 23390, there were no changes by DA in the EPSP onset latency (3.470.1 vs 3.470.1 ms), the EPSP peak latency (10.571.2 vs 11.172.7 ms), and the EPSP peak amplitude (14.372.7 vs 13.272.3 mV; Figure 4d ; Table 2 ). SCH 23390, either alone (n ¼ 7) or in the presence of added DA (n ¼ 10; Table 2 ), did not significantly alter membrane excitability or synaptic responses. These data suggested that D1/D5 receptors are not tonically stimulated by the low ambient DA concentrations in the brain slice. Similar results were also obtained using whole-cell recordings in a total of 11 neurons in the presence of bicuculline ( Table 2) .
The Type I regular-spiking PFC output neurons that responded to DA application with an increase in membrane excitability and synaptic-evoked responses exhibited common morphological features, that is, having apical dendrites that reach the pial surface and recurrent axon collaterals confined to their basilar dendritic tree (Figure 1a and b, Figure 5b and c). Instances in which multiple neurons were labeled after a single intracellular injection (ie dye/trace coupling; Grace, 1999, 2000) were observed in four out of 10 neurons recovered and recorded with sharp electrodes in slices after exposed to SCH 23390 in bicuculline buffer (Figure 5b and c) . Owing to the use of multiple drug applications during the course of the experiment, the data on drug-induced coupling cannot be properly evaluated.
Type I Response Neurons: Blockade of D4 Receptors did not Significantly Modify Monosynaptic Spike Discharge
Sixteen Type I response neurons recorded using sharp electrodes were tested with the D4 receptor antagonist PD-101367 and 22 Type I response neurons recorded with whole-cell electrodes were tested with the D4 receptor antagonist U-101958 (the same D4 receptor antagonist to PD-101367; Merchant et al, 1996) .
Application of the D4 receptor antagonist PD-101387 to 16 regular-spiking 'Type I' pyramidal neurons that had little preservation of axon collaterals in the slices (ie did not extend beyond the deep layer where the soma was located, see Figure 1a and b, Figure 2a , Figure 5b ) did not consistently alter the evoked EPSPs, but facilitated spike discharge (not shown, see Figure 9b for whole-cell recordings). Furthermore, subsequent administration of DA (20 mM, in the presence of D4 receptor antagonist) resulted only in a small nonsignificant enhancement in EPSP amplitude ( þ 11, 19, and 22%, respectively; avg. 1777%), as typically observed in Type I pyramidal neurons (after bath-applied D1/D5 receptor agonist in the absence of bicuculline). Therefore, in neurons exhibiting the Type I response pattern during sharp-electrode recordings, block- ade of D4 receptors did not appear to produce any synaptic changes by itself except for a nonsignificant increase in evoked short-latency EPSP amplitude. In 22 pyramidal neurons recorded with whole-cell electrodes that exhibited the Type I synaptic response pattern (Figure 9b1-inset) , blockade of D4 receptors facilitated evoked monosynaptic spike discharge without producing the late onset EPSP/spike discharge in 11 cells (Figure 9b and d) . In seven of the remaining 11 nonresponding cells, upon washout of the D4 receptor antagonist prominent evoked IPSPs were revealed (avg.
4.171.6 mV; Figure 9c3 ). Both responses (ie promoting monosynaptic spike discharge and evoked IPSPs upon washout) were recorded from neurons later revealed in slices with axon collaterals largely confined to the somatodendritic field (Figure 2b2) , that is, with the collateralization considerably less than those neurons that responded with complex spike bursts to the blockade of D4 receptors (Figure 8; Figure 2b ). This indirect evidence suggests that administration of the D4 antagonist may induce synaptic facilitation via attenuation of afferentevoked IPSPs. 
(17) a1: BIC-ACSF c1: ACSF a2: DA/BIC (10 µM) b1: BIC-ACSF b2: DA/BIC (10 µM) c2: DA/BIC (10 µM) Figure 4 Facilitatory effects of DA during blockade of GABA A conductances observed with sharp-electrode recordings from PFC pyramidal neurons that exhibited the Type I response pattern to intracallosal afferent stimulation. (a1, a2) Low doses of DA significantly increase membrane excitability as shown by a leftward shift in the current-evoked response curve (a3) before and after DA application, by plotting the number of spikes discharge vs the amplitude of current injected intracellularly. An increase or decrease in the membrane excitability was defined over a range of currents applied. (b1, b2) Following bath application of DA, there was a significant decrease in the stimulus intensity required to evoke spike discharge as well as an increase in the late-phase EPSP amplitude without altering the amplitude of early EPSP (see b3, EPSP overlays before and after DA application). Although application of bicuculline (BIC) alone for 5 min did not significantly alter membrane excitability or synaptic responses, adding DA to BIC-containing buffer caused intracallosal stimulation to trigger bursts of spikes (b2, bottom trace) over a similar range of stimulation intensities (0.1-0.8 mA) as before DA application (b1: 0.1-0.7 mA). (b4) Overlay of spikes evoked before (by 0.7 mA) and after (by 0.09 mA) DA application. (c1, c2) Simultaneous application of DA and BIC (c2) to a layer III pyramidal neuron also led to burst-firing spike discharge upon afferent fiber stimulation at 1 mA (top trace) or at 6 mA (middle trace). The use of high stimulus intensity (6 mA) did not elicit spike discharge that was only evoked upon DA application in the presence of BIC (c2). Thus, independent of low and high stimulus threshold intensities characteristic of pyramidal neurons, similar enhancement on the late phase of the EPSP was induced by the DA application in the presence of BIC, either applied prior to DA (b) or together with DA (c), and this DA-enhancing effect was washed out at 15 min rinse (c4: an average of 5 repetitions). (d) Bar graph summarizing the group data of normalized rheobase currents (left) and EPSP peak amplitude (right) altered by DA and SCH 23390, in the presence of BIC (see Table 2 ). Thus, when GABA A -mediated transmission was blocked, DA significantly decreased rheobase current (ie enhancing membrane excitability; *po0.05) and increased the amplitude of EPSPs (*po0.05) that was blocked by coadministration of SCH 23390 (see Figure 5 ).
Type II Response Neurons: Blockade of D4 Receptors Facilitated Presumed Polysynaptic Excitatory Responses
Nine Type II response pattern neurons were recorded using sharp electrodes and tested with the D4 receptor antagonist: PD-101387 and 24 Type II neurons were recorded with whole-cell electrodes and tested with U-101958 (n ¼ 10) or L-745870 (n ¼ 14). In all cases, the results obtained with PD-101387 or U-101958 (the same D4 receptor antagonist, Merchant et al, 1996) or L-745870 (Patel et al, 1997) were similar in terms of measures of synaptic excitability (ie the responses were enhanced).
Bicuculline-free ASCF. In a subpopulation of pyramidal neurons (n ¼ 9 using sharp electrodes; Figure 1c1 and c2), low stimulus intensities (typically o0.05 mA) applied to PFC afferent in the corpus callosum were found to evoke a large amplitude, long duration depolarization, and a burst of spikes (in the absence of bicuculline), that is, a Type II response pattern (Figures 6 and 7 ; Table 3 ). These afferent- evoked repetitive spike discharges in identified Type II neurons were suppressed by low doses of DA (5-10 mM) to reveal short-latency EPSPs (n ¼ 3; Figure 6c ). These pyramidal neurons with the Type II response pattern were classified as burst-firing neurons as shown by their currentvoltage responses to depolarizing current pulses applied intracellularly (Figure 6a and b) , and DA was found to produce a significant decrease in their membrane excitability (by 41712%; *po0.05; n ¼ 3; Figure 6b ). Decreases in postsynaptic membrane excitability and afferent stimulation-evoked responses in these Type II neurons occurred with little effect on resting membrane potential (1-2 mV; Figure 6 ) and input resistance (by 5-10 MO).
To test the potential influences of D4 receptors on the inhibitory effects of DA on spike discharge, we first examined the effects of the D4 receptor selective antagonist PD101387 on the Type II response evoked by afferent fiber stimulation in six deep layer pyramidal neurons recorded intracellularly using sharp electrodes. In four out of the six neurons that responded with the Type II response pattern, the D4 receptor antagonist was found to prolong the evoked response, resulting in a repetitive spike Figure 6 Inhibitory effects of DA on membrane excitability and afferent-evoked synaptic responses observed with sharp-electrode recordings in a deep layer pyramidal neurons characterized by burst-firing spike discharge in response to intracallosal stimulation (the Type II response pattern). (a1, a2, a3, a4, a5) Membrane responses prior to DA application at different amplitudes of intracellular current injection. (b1, b2, b3, b4, b5) Membrane responses to current injected at rheobase amplitude in the presence of 5 mM DA (b2: 5 min), 10 mM DA (b3: 5 min), and in the rinse (b4: 10 min). (b5) DA application resulted in a rightward shift in the current-response relationship, demonstrating a decrease in membrane excitability (open circle: 5 mM DA; triangle: 10 mM DA) that returned to pre-DA conditions in rinse (diamond: 10 min rinse). (c1, c2, c3) Bath application of DA attenuated the large amplitude, long duration evoked response to intracallosal stimulation. DA was found to prolong spike latency from 4.5 ms (in c1), 9.7 ms (in c2) to 17 ms (in c3), as its concentration was increased from 0, 5, to 10 mM. The spike threshold was identified at À42, À41, and À39 mV, respectively. At higher doses of DA (c3; 10 mM), the EPSP duration was shortened to a response similar to that evoked in Type I pyramidal neurons (ie short-latency EPSPs revealed after attenuation of long-latency EPSPs). These tracings were taken from the neuron shown in Figure 1c , which is characterized by extensive axon collaterals ramifying across all laminae (up to layer II) within a 350 mm slice. Thus, DA (10 mM) significantly increased rheobase currents by 41712% (*po0.05) and attenuated repetitive spike discharge to reveal short-latency EPSPs in three Type II neurons examined (see Table 3 ). Merchant et al, 1996) increased the amplitude and duration of the evoked response, leading to an oscillatory type of spike discharge riding on a large depolarization (b: 5 min) and at the same spike threshold (À48 mV in a1, b, and d, and À49 mV in c), although occurring at shorter spike latency (7.2 ms) than in A1 (15.5 or 24 ms). Increasing the stimulus intensity to 1 mA (middle trace in c) from 0.1 mA (top trace in c) did not further augment the polysynaptic responses. Although this oscillatory response decreased during the application of the antagonist, the augmented response returned during the washout period (d: rinse 10 min) until a complete return to the predrug baseline at 35 min rinse (not shown). (e) Bar graph summarizing the group data of normalized EPSP amplitude altered by the D4 antagonist, thus the overall effect of blocking D4 receptors was to increase the amplitude and prolong the duration of the EPSPs (*po0.01) in Type II pyramidal neurons by more than a two-fold increase (Table 3) . Since bursts occurred so instantaneously directly from initial small EPSPs, that is, a lack of monotonic EPSP increases and therefore the initial small EPSPs cannot adequately reflect the changes induced by blockade of D4 receptors, depolarizing potentials underlying bursts were used here to reflect the changes before vs after blockade of D4 receptors. discharge ( Figure 7b ; Table 3 ). Thus, bath application of the D4 receptor antagonist potentiated the late EPSP component (to 230725% of their predrug values; po0.01; n ¼ 4), resulting in complex spike bursts, without significant changes in the input resistance (1274.1% of control values). There was a considerable rightward shift in the peak of the EPSP (by 97751% of control values, Table 3 ), giving rise to complex spike bursts. These synaptic responses occurred with variable spike latencies (range: 7-24 ms; Figure 7a1 ), and did not follow 4 Hz afferent fiber stimulation (Figure 7a2 ), suggesting that they were likely polysynaptically mediated responses (see Figure 2c1) . The late EPSP component in the afferent-evoked synaptic potential was not reversed upon hyperpolarization or depolarization of the cell membrane at potentials corresponding with the chloride reversal potential, as would be expected for responses mediated by GABA a -dependent chloride conductances (Figure 7a3 ). This synaptically evoked repetitive spike discharge observed during bath application of the D4 antagonist could not be replicated simply by increasing the amplitude of afferent fiber stimulation (eg from 0.1 to 1 mA; Figure 7c ). The remaining two Type I/II borderline response neurons responded to the D4 receptor antagonist only with an enhancement of spike discharge during the early EPSP component (as observed in most whole-cell recordings; see next section), and were found to contain less well-preserved axon collaterals (ie the axon could only be traced up to middle layers) in slices than those four cells responding to the D4 receptor blockade with repetitive spike discharge (ie with axon collaterals that extended to the superficial layers). It should be noted that the D4 receptor antagonist effect occurred in the absence of added DA, and therefore was due to blockade of the action by the low endogenous DA levels present in the slice preparation, suggesting tonic activation of D4 receptors present in brain slices. The extent of repetitive spike discharge observed using whole-cell recordings in 14 Type II neurons (Figure 8 ) was substantially less when compared to the extent of repetitive spike discharge that was observed in those Type II cells recorded with intracellular sharp-electrode recordings (Figures 6 and 7) . Furthermore, this synaptic facilitation produced by blockade of D4 receptors was observed to be stimulus intensity dependent (in three cells tested with a range of stimulus intensities); that is, only occurring when the neurons were activated by a given optimal stimulus intensity. Thus, use of a lower or higher stimulus intensity than the intensity determined to be optimal (Figure 8a ) for eliciting facilitation of evoked discharge by the D4 receptor antagonist did not allow the D4 receptor antagonist to elicit similar synaptic facilitation as was evoked by the optimal stimulus intensity (Figure 8b ).
Effects of D2/D4 agonists in the presence or absence of GABA a -mediated conductances. In another seven Type II pyramidal neurons during visualized whole-cell recordings, we further tested the hypothesis that a GABA a -mediated inhibitory process underlies the ability of the D4 receptor antagonist to modulate the evoked response. This was done by examining the effects of the D4 receptor antagonist in the presence of bicuculline (10 mM; n ¼ 3) or picrotoxin (25 mM; n ¼ 4). Under these conditions (ie during blockade of GABA A -mediated conductances; n ¼ 7), the D4 receptor antagonist was no longer capable of facilitating the evoked response in Type II pyramidal neurons, with the peak amplitude and latency of e-EPSPs: 115713 or 121719% of the predrug values (p40.7; Figure 10a1-3; Table 3 ). Furthermore, subsequent addition of the D4 receptor agonist PD 168077 (20 mM; Glase et al, 1997) to the bath free of bicuculline or picrotoxin (ie after complete washout of D4 antagonist and bicuculline) was found to suppress the evoked late component responses in four out of four cells tested (Figure 10b2 ). In general, the D4 receptor agonist did not significantly alter monosynaptic unitary EPSPs (average 98.273.2% of their predrug values; p40.5), but suppressed late EPSPs (Figure 10b2 ). This suggests that the absence of Values were expressed as means7SEM. n indicates number of neurons (or slices) examined. Peak amplitude and latency were measured as described in Table 2 . Asterisks (* and **) indicate significant differences (t-test; po0.05 and po0.01, respectively), compared before and after the DA or D4 antagonists in bicuculline-free buffer (ie no BIC). The overall effect of blocking D4 receptors was to increase the amplitude of and prolong the duration of EPSPs. Neither the D1 agonists SKF 38393 in sharp-electrode recordings or SKF 81297 nor the D2 agonist quinpirole in whole-cell recordings had any effect on e-EPSP amplitude (see Results).
D4 antagonist-induced facilitation in bicuculline-or picrotoxin-containing buffer (Figure 10a1-3 ) was due to a compromise of the GABA A -mediated inhibitory circuits by bicuculline or picrotoxin. This was further tested in three Type II pyramidal neurons by examining the effect of quinpirole, a mixed D2-D4 agonist, in bicuculline-free buffer (Figure 10c and d) . In these neurons, evoked IPSPs (4.772.1 mV in amplitude at 2273 ms for the onset latency) were readily uncovered in bicuculline-free buffer during application of quinpirole (Figure 10d ). Similar to D4 agonist, quinpirole did not alter monosynaptic unitary EPSPs (an average of 96.874.1% of the predrug values; Figure 10b ).
DISCUSSION
Using conventional intracellular and whole-cell recordings and labeling in cortical slices, we documented two modes of DA modulation of excitatory, presumably glutamatergic, events in identified pyramidal neurons following afferent fiber stimulation in the corpus callosum. We demonstrate that bath application of DA acting via D1/D5 receptors exerts a facilitatory action on intracallosal afferent-evoked excitatory synaptic responses in most Type I pyramidal neurons. This synaptic facilitation by intracallosal fiber stimulation was observed as increases in the late EPSP amplitude and duration, decreases in the stimulus intensity needed to evoke spikes, and during blockade of GABA A conductances, a switch to burst-firing spike discharge arising from the late component EPSPs. Thus, blockade of GABA a -mediated inhibition by low doses of bicuculline enhanced the facilitation; therefore coactivation of GABAergic circuits may be involved in partially compensating for the DA facilitation of late EPSP-mediated events. This is consistent with results showing that D1 receptor activation increases the GABA interneuron excitability (Seamans et al, 2001b) . This facilitatory effect of DA, in the presence of bicuculline, was blocked by coadminis- Figure 8 D4 antagonist administration causes a moderate facilitation of the afferent-evoked response (ie less than a two-fold increase) observed with visualized whole-cell recordings in an identified layer V pyramidal neuron (shown in Figure 2 c2 ) in which a moderate preservation of axon collaterals was identified. This neuron, recorded with whole-cell technique in a horizontal slice, responded with a burst of spikes upon membrane depolarization and exhibited a Type II synaptic response pattern (ie both short-latency and long-latency EPSP components and spike discharge at variable latencies from 9 to 32 ms). This deep layer pyramidal neuron had a resting membrane potential of À62 mV, with spike overshoot 4 þ 30 mV and spike threshold voltage of À48 mV; the apical dendrite extended into superficial layers and the axon was observed to enter the white matter. Incremental increases in the amplitude of afferent stimulation (stimulus intensities from 0.1 to 1 mA (inset in a1)) revealed sudden onset of multiple components of the response rather than a graded response, suggesting a multisynaptic process. (a1-4) Multiple spike discharges elicited at 0.5 mA stimulation intensity were moderately potentiated by bath application of the D4 antagonist U-101958 (40 mM; Merchant et al, 1996) at 3 min (a2), 5 min (a3), and 10 min (a4). The D4 antagonist-facilitated response evoked by 0.5 mA threshold stimulation was not present when the stimulation strength was increased above the amplitude required to evoke a spike discharge (0.7 mA) when applied alternately with 0.5 mA stimulation (b2: 3 min; b3: 10 min; b4: rinse). Spikes were truncated for a graphic purpose. (c) Bar graph summarizing the group data of normalized EPSP amplitude during whole-cell recordings in response to D4 antagonists in Type II pyramidal neurons with a moderate facilitation (less than a 1.5-fold increase; *po0.05; Table 3 ).
tration of SCH 23390 (10 mM), suggesting the involvement of D1/D5 receptors. This is consistent with studies showing that DA acts on D1/D5 receptors to enhance intracortically evoked EPSCs in layer II/III (Gonzalez-Islas and Hablitz, 2003) and layer V pyramidal neurons of rat PFC (Seamans et al, 2001a) , without affecting mini-EPSCs (Zhou and Hablitz, 1999) , that is, a direct postsynaptic action on the pyramidal neuron. In contrast, studies using paired-neuron stimulation/recordings suggest that D1 receptors may produce an inhibitory response via attenuation of excitatory transmission in the ferret (Gao et al, 2001) and in the primate (with coactivation of D2 receptors, Urban et al, 2002) . Although our data do not directly address pre-vs postsynaptic events, the D1 enhancement of the late Figure 9 D4 antagonist administration produces little enhancement of both membrane excitability and short latency-evoked responses in Type I pyramidal neurons in which relatively few axon collaterals were preserved in slices ( Figure 2 a3; b2) . Both pyramidal neurons recorded with visualized wholecell recordings exhibited the characteristic evoked spike pairs upon membrane depolarization (a1). (a and b) D4 antagonist (U-101958; 40 mM; 10 min) did not significantly alter the response to membrane depolarization (a1, 2), but facilitated the evoked EPSP in response to afferent activation (b1, 2) in a layer III pyramidal neuron (shown in Figure 2 a3 ) identified with Type I response pattern (b1, inset). Inset in b1 shows a graded response which is consistent with a monosynaptic event. (c1, c2, c3) Similarly, D4 antagonist U-101958 did not affect the response to membrane depolarization (not shown) or on the fast evoked EPSP (c1: 8 mV; c2: 7 mV) in a layer V pyramidal neuron (shown in Figure 2b2 ), but a late evoked IPSP (4.772.1 mV in amplitude) was revealed following rinse of the D4 antagonist (c3). Inset in c1 shows a graded response which is consistent with a monosynaptic event, i.e., Type I response pattern. (d) Bar graph summarizing the group data of normalized EPSP amplitude during whole-cell recordings in response to D4 antagonists with little enhancement in Type I pyramidal neurons. component of the evoked EPSP (ie altering the EPSP time course) is consistent with a postsynaptic interaction of D1 and NMDA receptors (Zheng et al, 1999; Seamans et al, 2001a; Chen et al, 2003; Tseng and O'Donnell, 2004) . Consistently, anatomical evidence shows that D1 receptor immunoreactivity is frequently associated postsynaptically with dendritic spines and shafts that are in close proximity to asymmetrical synapses characteristic of glutamate receptors (Simley et al, 1994; Goldman-Rakic et al, 2004) . In the Type II deep layer pyramidal neurons, we also observed a DA-mediated depression of afferent-evoked synaptic responses in slices that was attributed to activation of D2/D4 receptors. The DA-mediated suppression was most evident on the late component EPSPs and spike discharge, that is, attenuating the large amplitude, long duration evoked response to afferent stimulation in the white matter (see Figure 6c2 and 3) . Such a response may not be evident in many studies given its dependence on the use of low doses of DA, the presence of GABA A -intrinsic circuits, and most importantly preservation of axon collaterals in the brain slices under study. The role of GABA interneurons in affecting the DA (via D4 receptor) inhibitory effect or in affecting the D4 receptor blockadeinduced repetitive spike discharge is supported by the following observations: (1) the absence of D4 antagonistinduced increase in response to afferent stimulation in slices superfused with buffer containing bicuculline or picrotoxin ( Figure 10a ) and (2) activation of D2/D4 receptors by the D2/D4 receptor agonist (quinpirole) or upon washout of the D4 receptor antagonist consistently uncovered afferent-evoked IPSPs in identified pyramidal neurons (Figures 9 and 10b) . Furthermore, the potentiation of previously subthreshold IPSPs by D2/D4 receptor activation (see Figures 9 and 10d ) is consistent with a DA enhancement of GABA release (Retaux et al, 1991; Grobin and Deutch, 1998) , although activation of D2/D4 receptors was recently reported to briefly decrease GABA release probability (Seamans et al, 2001b) . However, the presence of a tonic inhibitory role of D2/D4 receptors in the prefrontal cortex reported here is consistent with the observed hyperexcitability present in pyramidal neurons of D4-deficient mice (Rubinstein et al, 2001) . A GABA Amediated input at the level of dendrites of pyramidal neurons that enhances NMDA components to afferent fiber stimulation in the piriform cortex (Kanter et al, 1996) may be involved in the tonic D4 receptor-mediated regulation observed here. Nevertheless, a postsynaptic activation of D4 receptors on GABA interneurons (Mrzljak et al, 1996; Le Moine and Gaspar, 1998; Wedzony et al, 2000) that synapse onto the pyramidal neuron under study is likely to account for at least part of the DA inhibitory action observed here.
Our present studies further demonstrate that D4 receptor blockade-mediated hyperexcitability is sensitive to bicuculline, and therefore likely involves GABA inhibitory circuits. This is consistent with a model whereby D4 receptor activation is necessary to allow GABAergic local circuit neurons to limit the spread of activity among interconnected pyramidal neurons (Chagnac-Amitai and Connors, 1989) . The intracortical network circuitry activated by stimulation of afferent fibers in the corpus callosum (present study) is critical for observing the robust enhancement during blockade of D4 receptors on the late EPSPs to lead to complex spike bursts. It is worth noting that in every case (n ¼ 9) in which the pyramidal neurons exhibited the Type II late-EPSP component response pattern, the deep layer neurons also had largely preserved axon collaterals (ie extending to superficial layers) within the slices. We therefore propose that large numbers of GABA neurons as well as pyramidal neurons are activated by axon collaterals, in conjunction with orthodromic activation of the recorded pyramidal neuron by stimulation of afferent fibers in the corpus callosum (the white matter). Intact collaterals activate both GABA neurons and neighboring pyramidal neurons that contact the neuron under study.
The fact that many of the axonal connections are likely to be severed in 350 mm thick brain slices may explain the scarcity of neurons encountered with long-duration bursting spike discharge evoked by afferent stimulation in this preparation using adult mature rat brain slices. The late EPSPs reported here by afferent stimulation in slices taken from developmentally mature rats (ie 6-8 weeks; Zhu, 2000) resemble the late EPSPs evoked in layer II/III frontal cortical pyramidal neurons by intracortical stimulation in slices from young prepubertal rats (o6 weeks; 120-150 g; Sutor and Hablitz, 1989) or in guinea-pig neocortical neurons that were characterized as stimulus intensity sensitive (Connors et al, 1982) , as similarly reported here (see Figure 8) . These neurons, which were mostly recovered in cortical deep layer V following intracellular recording/ labeling, had axons which ramified extensively and ascended to superficial layers, in addition to giving off several secondary axons that target subcortical structures (see Figure 1c) . The morphology of this cell class resembles the morphology of corticothalamic pyramidal neurons labeled juxtacellularly in the somatosensory cortex in vivo (Zhang and Deschenes, 1997) or in vitro (McCormick et al, 1985; Chagnac-Amitai et al, 1990 ) that were described to have a short apical dendrite terminating in middle layers and extensive intracortical axonal collaterals that extend from deep layers to the superficial layers. The presence of recurrent axon collaterals in this cell class has long been speculated to underlie the tendency to fire in synchronous Figure 10 In the presence of a GABA A chloride channel blocker (picrotoxin), D4 receptor blockade (U-101958; 40 mM) failed to facilitate the afferentevoked early or late component responses (a2) in a deep layer pyramidal neuron with Type II response pattern during whole-cell recordings; this neuron exhibited extensive axon collaterals preserved in a horizontal slice, i.e., across all laminae to layer II. Asterisks in (a) and (b) indicate antidromic spikes that were not affected by DA (Gulledge and Sturt, 2003) . Following 30 min of rinsing in a picrotoxin-free buffer (b1), subsequent bath application of a D4 agonist (PD168077; 20 mM) was able to suppress the evoked polysynaptic response (b2, 10 min). This suppression was reversed upon washout of the D4 agonist (b3, 10 min rinse). Thus, blockade of GABA A responses prevents the D4 antagonist from potentiating the polysynaptic response. This view is further substantiated by observing evoked IPSPs in pyramidal neurons by bath-applied D4 agonist or quinpirole (a D2-D4 mixed agonist). Quinpirole (20 mM; 10 min) administration did not significantly affect the response of this neuron in response to membrane depolarization, but revealed the presence of an evoked IPSP in the pyramidal neuron (d2). The decrease in evoked EPSPs (d2) may be as a result of the increase in evoked IPSPs. (e) Bar graph summarizing the group data of normalized EPSP amplitude (ie early EPSP component) indicating no significant changes by quinpirole or D4 selective agonists (in the absence of bicuculline, BIC) or by D4 antagonist in the presence of BIC. Thus, quinpirole acting like the D4 agonist did not significantly affect monosynaptic unitary EPSPs (ie early EPSP component), but attenuating late polysynaptic EPSPs and spike discharge, probably via activation of GABA interneurons (Retaux et al, 1991; Grobin and Deutch, 1998) , as IPSPs were frequently evoked in the pyramidal neuron recorded during bath application of D4 agonists or quinpirole.
bursts (Silva et al, 1991) . Thus, this population is likely under-represented as a result of the slicing procedure in young adult rat brains as used in the present study. Whether the Type I and Type II neurons represent two distinct classes of neurons, or instead reflect degree of preservation of synaptic networks, remains to be determined.
The present study also shows that the D4 antagonist was highly effective in augmenting the amplitude of late EPSPs in slices with well-preserved axon collaterals, whereas D2 or D4 receptor stimulation was weak in attenuating EPSPs. The ability of the D4 receptor antagonists to increase EPSP amplitude without the addition of exogenous agonist suggests the presence of tonic D4 receptor activation by low concentrations of ambient DA levels. DA D2/D4 receptors and mRNAs are reported to be abnormally elevated in frontal cortex of schizophrenia patients (Tallerico et al, 2001 , also see Introduction) and the atypical antipsychotic drug, clozapine, has a high affinity for blockade of D4 receptors (Van Tol et al, 1991) . Similar polysynaptic activity was reported following acute application of clozapine to prefrontal cortical pyramidal neurons (Chen and Yang, 2001) , which may be due to enhanced release of DA and glutamate (Daly and Moghaddam, 1993) thereby leading to a D1 potentiation of NMDA receptor functions (see Introduction) and the late NMDA-mediated polysynaptic responses as observed here by D4 receptor blockade. D4 receptor proteins present in high levels in cortical layer II/III or V/VI are associated with both calbindin-and parvalbumin-containing GABA interneurons (Mezljak et al, 1996; Le Moine and Gaspar, 1998; Wedzony et al, 2000) . Alterations in GABA transmission in these subclasses of GABAergic neurons have been reported in the PFC of schizophrenia brains examined post mortem (Bird et al, 1977; Akbarian et al, 1995; Lewis, 2000) and in a rat model of amphetamine sensitization (Mohila and Onn, 2005) . Although D4 antagonists have not yet been reported to have antipsychotic efficacy (Lahti et al, 1998) , both D4 receptor anatgonists, PNU-101387 and L-745870, were reported to prevent or improve cognitive deficits in monkeys (Arnsten et al, 2000) and in rats . Thus, blockade of D4 receptors on GABAergic neurons that regulate intracortical circuits could act to diminish a hypofrontal state, if the negative symptoms (eg emotional and cognitive deficits) of schizophrenia are indeed associated with a hypofrontal state (Grace, 2000) .
